Abstract: The discovery of the Higgs boson in 2012 was one of the most significant developments of science in the last half century. A simplified history has Peter Higgs positing it in the mid-1960s followed by a long wait while experimentalists progressively turned up collider energies until it appeared several decades later. However, in order for both the hypothesis and the experimental discovery to occur, a vast and complex theory ecosystem had to thrive in the years before Higgs's hypothesis and in the years that followed, building up to its discovery. It is further claimed that the Higgs boson hypothesis was an immoderate speculation, and therefore faith in theory argumentation and speculation was mandatory for the discovery program to proceed and reach its fulfillment. The Higgs boson could not have been discovered experimentally by accident.
Introduction
A terse and deleteriously incomplete history of the Higgs boson says that it was postulated in 1964 by the theorist Peter Higgs [1] and then discovered in 2012 by experimentalists after a multi-decade herculean construction project at CERN to find it [2, 3] . A narrative of the Higgs boson discovery that includes no discussion of theory work except for the hypothesis papers of Peter Higgs [1, 4] , and maybe also of Brout and Englert's simultaneous work [5] on the subject, is a distortion of how science progresses, and what enables scientific discoveries.
The primary goal of this paper is, therefore, to elucidate the contributions of the theoretical physics community -the "theory ecosystem" -to the Higgs boson hypothesis and to its later discovery. Of course, it goes without saying that experimental work was crucial, not just for the discovery data announced in 2012, but also through the knowledge attained in prior experiments and the skillful design of the discovery detectors Atlas and CMS. Nevertheless, the oft-repeated banal phrase "Physics is an experimental science", which is only half correct since physics is equally a theoretical science, indicates that there is no shortage of understanding of the importance of experiment to science in general, and to the discovery of the Higgs boson in particular. For this reason I focus on providing a somewhat comprehensive view of the theoretical physics contributions.
The discussion begins with an historical discussion of particle physics relevant for the context in which the Higgs boson hypothesis was formulated (sec. 2). After that a more focused discussion is given to theoretical physics efforts in the pre-hypothesis decades that gave rise directly to the Higgs boson hypothesis (sec. 3). The Higgs boson hypothesis was an immoderate speculation and was met with both acceptance and loathing by the community.
The antipathy by which it was held is described in sec. 4, which is intended to impart to the reader how uncertain and speculative the Higgs boson was viewed by many even up to the moment its discovery was announced. To discover the Higgs boson in experimental data required a tremendous amount of theoretical work, not just in making the hypothesis, but also after the hypothesis was initially articulated. The diverse and extensive theoretical physics ecosystem required for success of the entire endeavor is discussed in sec. 6. Conclusions are summarized in the final section.
Context of the Higgs hypothesis
The known universe of visible matter, including our bodies, the earth, the sun, and everything we have ever seen in a laboratory is accounted for by the Standard Model (SM) of elementary particle physics. This theory says that there exist electrons, neutrinos, up-quarks and downquarks as matter particles, which interact (i.e., experience forces) by the exchange of photons (electricity and magnetism), W ± and Z bosons (the "weak interaction") and gluons (the "strong interaction"). In addition to these particles there exists a second and a third family of matter particles that are exactly the same as the electrons, neutrinos, up-quarks and downquarks in every way, except their masses are different. These particles include the charm, strange, top and bottom quarks, and the muon and tau leptons and their corresponding neutrinos.
The top quark was the last of these elementary particles to be discovered. Fermilab outside of Chicago took the honors of discovery in 1995 [6, 7] , and to this day it is the heaviest known elementary particle with mass of approximately 173 GeV. It is near the mass of a Tungsten atom, which is not elementary and is made up of more than 550 quarks bound together in its constituent protons and neutrons.
How did the top quark achieve such a high mass compared to, for example, the electron, which is more than 340,000 times lighter? How does the top quark attain mass at all? For that matter, how do any of the elementary particles attain mass? The answer that we know today is that a scalar boson exists -the Higgs boson -that has a background field value everywhere in space, and that other particles couple to this "vacuum expectation value" (vev) of the field [8] . The mass of a particle, such as the top quark or the electron, is directly proportional to its interaction strength with the vev. The top quark couples the strongest and therefore has the heaviest elementary particle mass (mass of top quark is 173 GeV), then the Z boson (mass 91 GeV), then W ± (mass 80 GeV), etc. down to the mass of the electron (mass 0.0005 GeV), and further down to the neutrinos below 10 −10 GeV.
The question of how elementary particles get their mass had no good leads for quite some time even after the basics of forces and particles were surmised. For example, Glashow's 1961 study [9] , which is widely credited to be the first paper to articulate how the elementary particles and forces come together in a unified way, was cited in the 1979 Nobel Prize [10] as the earliest paper of the "theory of the unified weak and electromagnetic interaction between elementary particles" (i.e., electroweak sector of the Standard Model). In that work the author did not have a good explanation for how masses come about. Instead he allowed the theory to break symmetries (i.e., retain only a "partial symmetry"). For example, the author states that "the part of the Lagrange function bilinear in the field variables which produces masses of the elementary particles need not be invariant under a partial-symmetry," and that "the masses of [the gauge bosons] are as yet arbitrary" [9] . In other words, symmetry breaking masses are merely put in by hand.
It was not until the later work of Weinberg in 1967 [11] and Salam in 1968 [12] that connection was made between the theory of matter and forces with the spontaneous symmetry breaking insights of Higgs [4, 1, 13] and others [5, 14, 15] . Weinberg realized that a Higgs boson scalar field with a background vev could give mass to all the elementary particles. In Weinberg's original paper he made this explicit by constructing a lagrangian that included all the matter particles "plus a spin-zero doublet ϕ = (ϕ 0 ϕ − ) [Higgs boson ] whose vacuum expectation value will break T [SU(2) L gauge group generators] and Y [hypercharge gauge group generator] and give the electron its mass" [11] .
The Glashow-Weinberg-Salam (GWS) theory, as it came to be known, was now before the world to consider. Except for some important details, which also required deep theoretical insight, especially with regards to the strong interaction [16, 17] , the structure of the SM was contained in these papers. In particular the hypothesis of a Higgs boson giving mass to all the elementary particles was clearly articulated. It was not immediately known if the hypothesis was correct. Indeed, it took over four decades to know that. And during that time there were many skeptics. Let us consider the challenges the scientific community had to this hypothesis and through this gain an understanding of how provocative the speculation was and how important the discovery of the Higgs boson has been in the history of science. But first, let us delve into the pre-Higgs world that set the groundwork for the hypothesis of the Higgs boson that was to come later.
Genesis of the Higgs hypothesis
Landau's seminal 1937 paper [18] should be considered the first identifiable pre-cursor theory to the Higgs boson. Landau was in search of a way to characterize phase transitions in matter in a systematic way using thermodynamic potentials. He realized that the order parameter of a second-order phase transition -the quantity that changes when a state goes from one phase to the next (e.g., total magnetization when transitioning to a ferromagnetic) -is very small near the phase transition boundary. This calls out for a Taylor series expansion of the free energy near the transition point. For example, the "Landau potential" can be written [20] as
where P is the pressure, T the temperature, η the order parameter, and A and B are thermodynamics functions of pressure and temperature. For fixed pressure the Landau potential may take the approximate form
where a, b and T c are positive constants. Minimizing this free energy leads to the solution η(T ) = 0 when T > T c and η(T ) = a(T c − T )/b when T < T c . Thus, there is a critical temperature T c below which the phase transition has taken place. At zero temperature the order parameter has the value η 0 = aT c /b.
The Landau free energy has been extremely useful in the history of physics, and played a central role in the development of many types of phase transitions witnessed. For example, the theory of superconductivity was elucidated by the application of Landau's theory of phase transitions to the superconducting state [21] . The order parameter η in that case is the number of superconducting charge carriers in the material. In ferromagnetism the order parameter is the magnetization of the material. At high temperatures the magnetic dipoles in a substance are not aligned and thermal fluctuations do not allow any non-zero values of the magnetization, but as the temperature drops, and thermal fluctuations become less destructive to the formation of a more ordered state, and the free energy of the substance is minimized in the ferromagnetic state. Now, it was never considered to promote the order parameter to a new fundamental entity. It is considered a book-keeping device to take into account collective behavior of a system, which gives rise, through ordering, to some macroscopic phenomenon such as magnetization in a ferromagnet. Fluctuations of the order parameter throughout the system were studied, but those fluctuations were not fundamentally new objects but rather variations in the collective behavior of already known fundamental objects.
A good example of how the order parameter has been perceived in theories of phase transitions is in the theory of superconductivity. Ginzburg and Landau in 1950 [21] , using Landau's 1937 original theory of phase transitions [18] , developed a complete mean-field theory of superconductivity using a simple Taylor series expansion of the order parameter (density of superconducting charge carriers) as in eq. 1. This new approach led to many new successes, including the introduction of a coherence length, the understanding of quantization of magnetic fluxes and vortices, and a partial understanding of type I and type II superconductors based on the relation between coherence length and penetration depth (of the Meissner effect). However, again, nobody thought of the order parameter as a fundamental new state in nature with no previously known constituents.
The order parameter did turn out to represent, however, a new kind of dynamics in the system. Of course this was known to be the case. After all, what gives rise to superconductivity is a special kind of collective behavior, which for example is different than the behavior of freezing, and the Landau theory is agnostic to the precise nature of that behavior. But it is not odd or strange that in time, upon deeper probes into the system, the precise nature of the collective behavior would be resolved. No new exotic fundamental particles were expected, but rather a new way of organizing the already well-known particles.
This is indeed what happened. The superconducting charge carriers of the GinzburgLandau theory were nothing more than a long-range pairing of electrons in the lattice. The BCS theory of superconductivity [22] elucidated the technical microscopic behavior and it did not require the introduction of exotic previously unknown new states -only electrons and their normal electromagnetic interactions.
The theory of superconductivity, from both the Ginzburg-Landau perspective and the BCS perspective, was highly influential in the development of the Higgs hypothesis. It was noticed that the photon could achieve mass in these theories (Meissner effect) despite electricity and magnetism still being a good symmetry. Nambu [23, 24] was arguably the first to understand this point [25] , as well as Anderson [26] (see also Vaks and Larkin [27] ). This was recognized as spontaneous symmetry breaking, and it is synonymous with the ability to introduce a Landau free energy to describe the breaking of the symmetry (i.e., the order parameter taking on a non-zero value).
While work proceeded on relativistic analogs to spontaneous symmetry breaking of the kind Landau pioneered, particle physicists were wrestling with other problems that put them on a path to make use of the symmetry breaking studies that were being carried out. Namely, particle physicists were finding matter and interactions that looked be described by theories similar to QED (i.e., relativistic gauge theory descriptions), but the analogs to the photon (the W ± and Z 0 bosons) were massive. Naturally, therefore, one looked to the developments of the research on spontaneous symmetry breaking for inspiration on how to give mass to force carriers but not break the symmetries that these force carriers represented. W ± and Z 0 are force carriers for SU(2) L × U(1) Y and so a superconductivity analog was needed for breaking these symmetries.
The Higgs hypothesis was born [4, 1, 5, 14, 15] in the midst of all these particle physics struggles to give mass to vector bosons in relativistic gauge theories in analogy to superconductivity. Indeed, the connection to superconductivity is made explicit by Higgs himself in his original 1964 paper, where he states that "this phenomenon [Higgs mechanism of spontaneous symmetry breaking] is just the relativistic analog of the plasmon phenomenon to which Anderson has drawn attention" [1] , quoting Anderson's 1963 paper on the subject [26] .
To be explicit, the Higgs hypothesis, as we define it here, is the introduction of a quantum field, call it the Higgs field H(x), which serves as an order parameter for the spontaneous symmetry breaking from an SU(2) × U(1) Y standard model phase into the U(1) em phase. Order parameters must be charged under the symmetries that they break, and so this Higgs field must be charged under SU(2) L × U(1) Y . The vev of the Higgs field is the non-zero value it takes at low temperatures.
When applied directly to the issues of explaining mass in particle physics, the Higgs hypothesis solved many problems. The "partial symmetries" of Glashow [9] turned into full symmetries spontaneously broken. Furthermore the theory was proved to be renormalizable [28] , giving it further credibility with the fashions of the time. And finally, a single field -a single order parameter -was all that was required to give masses to all elementary particles, from electrons to quarks to the W ± , Z 0 bosons. These were the tremendous successes of combining the ideas of spontaneous symmetry breaking with the problem of explaining elementary particle masses. However, none of these successes required the Higgs boson to be a fundamental particle. Indeed, such an idealized and "naive" conception of the Higgs boson became the target of many attacks in the theory community. In the next section we review these attacks that called into question the Higgs boson's existence as a stand-alone fundamental particle.
Higgs hypothesis as an immoderate speculation
It is important first to make a distinction between the Higgs mechanism and the Higgs boson. The Higgs mechanism refers to the process of spontaneous symmetry breaking. It assumes the existence of an order parameter that is zero in the symmetric phase and non-zero in the non-symmetric phase, which is therefore charged under the full symmetry group. Agreement to the Higgs mechanism as a description of reduced symmetry of the ground state in no way commits one to the existence of a fundamental, propagating Higgs boson. One may agree that the symmetry breaking is well modeled by a mean field-theory type of description, as in Landau's theory of phase transition. One may even introduce the field H(x) as the order parameter, and could be tempted to call it a "Landau field" just to make explicit that one is not requiring H(x) to be a fundamental scalar field with no constitutes that gave rise to it. Thus, the Higgs mechanism can be thought of as merely the introduction of a condensing charged field H(x) that most efficiently represents the symmetry breaking status of the theory (i.e., the masses) but has nothing definitive to say about the dynamics of symmetry breaking (fundamental scalar versus fermion bilinear condensates, etc.).
The hypothesis that the Higgs field of the Higgs mechanism is fundamental, meaning that it has no constituents and is as "real" and indivisible as an electron or a top quark, is the extra step that completes the Higgs hypothesis. It is this step that is firmly in the realm of immoderate speculation, and that many did not believe. Whereas nearly all experts agreed with the Higgs mechanism, a large number thought the Higgs boson was simplistic thinking.
Before detailing the level of skepticism of the Higgs boson, we make a few remarks regarding the speculative nature of the Higgs mechanism itself. Now this speculation is not radical; however, strictly speaking it was not needed. One could introduce the W and Z bosons with mass, and give mass to all the fermions in the theory "by hand". This would be a manifestation of what Glashow [9] originally called "partial symmetry" that we discussed earlier, since the explicit masses would break explicitly the SU(2) L × U(1) Y symmetries down to U(1) EM . This did not worry Glashow, any more than explicitly breaking of flavor SU(2) L × SU(2) R in the strong interaction sector. The partial symmetry approach by Glashow was remarkably successful, and was recognized as the first paper to correctly unify the electromagnetic interactions leading to the correct predictions of massive gauge bosons and neutral currents via massive Z 0 exchange.
Glashow's approach of "partial symmetry" gave way to "spontaneous symmetry breaking" when it was understood that a Landau field H(x) could describe all the partial symmetries of Glashow and also allow for the theory to be renormalizable [28] . Renormalizability was keenly valued given the dramatic successes of the elegant, and renormalizable theory of QED. However, starting with Wilson's renormalization group work in the 1970s [29] the community began to understand that renormalizability is an unnecessary requirement for a valid low-scale theory [30, 31] , and so this extra incentive to agree to the Higgs mechanism is somewhat less attractive with deeper knowledge of effective theories today. Now, we come to the full "Higgs boson hypothesis" -the proposition that the Higgs boson field is elementary and there exists an elementary propagating Higgs boson associated with fluctuations of the order parameter. On the surface it appears preposterous. There is no known symmetry breaking in nature that is described by Landau theory formalism whose Landau field -the order parameter -is not merely a simplified description of collective phenomena of other known particles and interactions of the system. As discussed earlier, in ferromagnetism it is atomic dipoles aligning in an energetically favorable configuration. In superconductivity it is the condensing of two electrons together into Cooper pairs. These are but two examples. The Higgs hypothesis radically says that it is not a collection of already known states that collectively give rise to symmetry breaking, but rather the book-keeping Landau field is really a elementary, fundamental entity of its own -the Higgs boson field with its accompanying elementary Higgs particle which propagates the modulus of the condensate.
It is not surprising that such an hypothesis was met with wide skepticism. A significant amount of effort in particle physics theory went into debunking the Higgs hypothesis. Many individuals who received even part training in the theory of phase transitions of condensed matter systems recoiled at the Higgs hypothesis. Incredulousness from the condensed matter community about a fundamental Higgs boson remains even today [32] . Promoting a bookkeeping device (Landau's order parameter field) into something elementary and fundamental and "real" appears too naive to many.
One of the original arguments against the Higgs boson hypothesis was Susskind in 1979 [33] who declared boldly in the abstract "We argue that the existence of fundamental scalar fields ." The main problem with the Higgs hypothesis that he had was the quantum quadratic sensitivities to much higher Planck scale, destabilizing the masses of all elementary particles. For a review and discussion of these issues, see recent discussions in [34, 35, 36] .
Skepticism about the Higgs boson hypothesis continued to be widespread among top particle theorist. The influential theorist Howard Georgi wrote an essay, "Why I would be very sad if a Higgs boson were discovered" in 1997 [37] . In this essay he bemoans the problems that many ideas of electroweak symmetry breaking have, and promotes the idea of a strongly coupled gauge theory being the origin of electroweak symmetry breaking.
"The only place left to look for a way out of this swamp [the variety of electroweak symmetry breaking theories], it seems to me, is in strongly interacting chiral gauge theories. Many talented theorists have thought about this.... There are surely wonders hidden in the subject of strongly interacting chiral gauge theories. If we are forced to deal with them to deal by physics at the SU(2) × U(1) breaking scale, we may find them. If instead a Higgs is discovered and the physics at the SU(2) × U(1) breaking scale can be described by perturbation theory, we probably never will. This would be the real source of my sadness if a Higgs were discovered. It would mean that nature had missed a chance to teach us some new and interesting field theory. Personally, I don't think that she would be so malicious" [37] .
The result of these reflections was a substantial effort by the author and his collaborators [38, 39] on top quark condensation theories of electroweak symmetry breaking that do not predict the simple light Higgs boson that was ultimately found at the LHC.
Another esteemed theoretical physics, Nobel Laureate Martinus Veltman, was even more direct in saying that he did not believe in the Higgs boson. In his widely attended lecture series at CERN in 1997 [40] he made several unambiguous statements to this effect. For example, in his first lecture he said "I think that while our nature is doing something at the level [which] today phenomenologically can be well described by the Higgs system. I think by the time you get there [when LHC runs] you will find something else. How will it be, I haven't the foggiest notion.... "Of course I have no idea, except that I don't believe that the Higgs system as such, as it is advertised at this point as part of the Standard Model. I really don't believe that" [40] . and in his fourth lecture he said "And so here I am, and if I ask my own soul what I want, I say, I will believe in the Higgs sector such as generated by that [sigma model discussion] -I believe in that from the point of view of the symmetries that it has, not for its dynamical content [Higgs boson] . This somehow I don't believe" [40] .
Veltman was not alone in his sentiments. Nevertheless, they are remarkably candid words that signify the confidence that this renowned physicist had that the Higgs boson as we understood it could not be correct. In other words, he believed the Higgs hypothesis to be false.
Let us be more specific in the stated reasons why particle physicists were skeptical of the Higgs boson hypothesis. One of the most ardent voices against the Higgs hypothesis was Lane [41] , who in lectures wrote the following list of reasons why it is naive to believe in the elementary Higgs boson (i.e., Higgs hypothesis):
1. "Elementary Higgs models provide no dynamical explanation for electroweak symmetry breaking.
2. Elementary Higgs models are unnatural, requiring fine tuning of parameters to enormous precision.
3. Elementary Higgs models with grand unification have a hierarchy problem of widely different energy scales.
4. Elementary Higgs models are trivial.
Elementary
Higgs models provide no insight to flavor physics" [41] .
Most theoretical physicists agreed with this list, often in its entirety but usually at least partially, only their suggested remedies differed. Similar statements can be found in thousands of papers since the Higgs hypothesis was formulated in the 1960's.
So far we have explained and emphasized the first objection in Lane's list. Each of the other objections in the list have spawned significant research effort also. It is not within the scope of this work to detail further the perceived deficiencies of the Higgs hypothesis in its myriad ways. If the reader wishes to learn more on this subject they are advised to consult [8] .
Our purpose here is rather to convince the reader that the Higgs hypothesis was widely challenged among the best and the brightest, and thus constituted an immoderate speculation in the history of particle physics. For example, there have been over 1200 publications devoted to "technicolor" and "top condensate" theories, and "Higgsless" theories," which are related to attempts to explain symmetry breaking in elementary particles analogously to that of superconductivity, thereby solving Lane's "dynamical" problem. There are also many hundreds of papers on composite Higgs theories, which deny the existence of an elementary Higgs boson and say that it must be a composite of other particles.
To illustrate what motivated these authors to study alternate theories of symmetry breaking, the authors in one of the seminal early publications on Higgsless theories began their discussion by telling the readers why the Higgs boson should be doubted:
"The last unresolved mystery of the standard model (SM) of particle physics is the mechanism for electroweak symmetry breaking (EWSB). Within the SM it is assumed that a fundamental Higgs scalar is responsible for EWSB. This particle has not been observed yet, and its presence raises other fundamental issues like the hierarchy problem (that is how to avoid large quantum corrections to the mass of a light scalar)" [42] . This paper was published in arguably the top journal in the field of particle physics theory (Physical Review Letters) and has many hundreds of citations, illustrating the respect the community had for the motivations and ideas of the authors. Papers on Higgsless theories were published right up to, and even slightly after the discovery of the Higgs boson, which was announced on July 4, 2012.
Other approaches to making the Higgs boson hypothesis more palatable were to agree to it being an elementary particle, but requiring that it be embedded into a larger theory with other states and dynamics that work collectively to obviate the problems described by Lane above. The primary example of this is supersymmetry. Supersymmetry assumes that a symmetry exists between fermions and boson such that if a fermion exists, a corresponding boson -a superpartner -must also exist. Thus, all fermions of the Standard Model, such as electrons, neutrinos, quarks, must have scalar boson superpartners. Susskind's problem with naturalness of scalars is rectified by the fermions and bosons working together to cancel the large quantum corrections that were feared to destabilize scalar bosons. The trouble with supersymmetry is that it needs to be "broken" -meaning, the superpartner scalars must have higher masses than the fermions since they otherwise would have already been seen by experiment. This might sound disastrous to the supersymmetry hypothesis, but such a breaking of the symmetry is not awkward from the theory perspective, and excellent ideas abound. For more discussion about the fundamentals of supersymmetry see [43] . Another approach is to assume the existence of large or warped extra dimensions, which through exotic spatial geometry rectify many of the problems stated by Lane. For more discussion about extra dimensional theories, see [44] .
There were many other theories and variants of theories postulated whose intention was to allow the Higgs boson to be an elementary particle by embedding it into a more complex exotic new framework. As with efforts to deny the fundamental nature of the Higgs boson altogether, these approaches gained many adherents in the community. Not all adherents of these theories are motivated primarily by making the Higgs boson palatable, but most viewed it as at least an important argument in their favor.
In conclusion, as has been illustrated in this section, the theory community has been divided into several categories of belief in the Higgs boson hypothesis:
1. There is no discernible Higgs boson (e.g., Higgsless theories, technicolor, etc.).
The Higgs boson exists but is not elementary (e.g, top condensate, composite Higgs theories).
3. The Higgs boson is elementary but embedded in an exotic theory to make it viable (e.g, supersymmetry, extra dimensions).
The Higgs boson is elementary and there is nothing more needed.
The discovery of the Higgs boson eliminates the first category, which proves that the speculation of the Higgs boson hypothesis in at least the effective theory of the weak scale is a valid hypotheses.
The remaining three categories 2, 3 and 4 are still viable. However, categories 2 and 3 were generally thought by many to imply that experimentalists should have found new exotic "beyond the Standard Model" phenomena revealing themselves at energy scales already probed by the LHC. So far that has not happened. With the increases in energy and luminosity of the LHC, there are still prospects for validation of categories 2 and 3, but at this point the provisionally validity of those ideas is under stress for not having been manifest at the LHC. Category 4 remains provisionally valid, since all the couplings that have been measured of the Higgs boson with other Standard Model particles have been in line with Standard Model expectations. However, these measurements are at the ∼ 10% level [45] , which is not good enough to be declared "precision Higgs measurements". In short, achieving further confidence of category 4, or discoveries of category 2 or 3, requires much more experimental effort.
Let us conclude this section by revisiting the claim of the Higgs boson hypothesis being an immoderate speculation. In terms of the categories of belief in the Higgs boson hypothesis, the first two categories, if experiment had established them, would not necessarily be radical. Indeed, they would be just another example in nature of symmetry breaking from collective phenomena of constituent particles. Categories 3 and 4, on the other hand, constitute an immoderate speculation, since the order parameter is declared to be a new elementary particle field with no other deriving identity. Higgs's original hypothesis best fits into category 4, and is therefore an immoderate speculation. Furthermore, one could argue that categories 3 and 4 are likely the hardest to establish experimentally. For example, supersymmetric theories are in category 3, and it is well known how difficult it is to find experimental evidence for many forms of supersymmetry even if superpartner masses are not much heavier than the Higgs boson mass [46] . However, category 1 is already ruled out by data, and category 2 is generally described by strong interactions that perhaps require less from experiment to establish or rule out in time. Thus, we could find ourselves at the end of the LHC runs where we are fairly confident that nature is described by either category 3 or 4, where the immoderate speculation of an elementary Higgs boson is to all practical purposes the only surviving description of nature.
Post-hypothesis phenomenology
The Brout-Englert-Higgs (BEH) mechanism was a breakthrough yet also a rather narrow insight explaining how a vector boson in relativistic quantum field theory could achieve mass while at the same time preserving the gauge symmetry. As discussed in previous sections this insight was related to the insights of Nambu, Anderson and others who understood that the electromagnetic gauge symmetry is preserved in a superconductor despite the photon obtaining mass (Meissner effect).
Higgs postulated further that a propagating Higgs boson should come along with the BEH mechanism, and henceforth the speculative scalar particle was called a "Higgs boson". However, neither Higgs nor others had much of an idea at first of how this new boson could be seen by experiment. Many years of research went into this question, summarized well by the widely read book The Higgs Hunter's Guide [47] . What made the discussion regarding the Higgs boson particularly difficult is that its mass was not known a priori. It depends on a free parameter λ whose value could not be measured any other way except through discovery of the Higgs boson itself. Let us explain this part in some more detail.
The vector bosons of the Standard Model, the W ± and Z 0 bosons, obtain mass by the vacuum expectation value (vev) of the Higgs field H = v/ √ 2, where H is the Higgs field and v is its vev, and the √ 2 is merely a convenient normalization factor. The masses of the vector bosons are M
and
where g ′ and g are the gauge couplings of the U(1) Y hypercharge force and SU (2) 
where λ is an unknown and unmeasured coupling of the Higgs to itself. This unknown pa-rameter self-coupling of the Higgs is necessary since, analogous to other particles, the Higgs ultimately must give mass to itself by virtue of how strongly it couples to the Higgs field [8] . This uncertainty of the Higgs boson mass value was recognized very soon after Higgs formulated the hypothesis of its existence.
What makes the experimental analysis of the Higgs boson even more difficult than not knowing its mass, was that its signatures are radically different depending on its mass. For example, a Higgs boson mass of 600 GeV would decay essentially every time to a pair of W bosons or pair of Z bosons, with a small extra fraction going to top quark pairs, and then essentially no other useful or accessible branching fraction into any other states. If the Higgs boson mass were a few tens of GeV, then it would essentially only decay into bottom quarks with some extra fraction going to tau leptons and then essentially no other important branching fraction. From an experimental point of view there is a very significant difference between a b quark final state and a Z boson final state in the detectors. One had to be prepared for all possibilities of the Higgs boson mass all the way from M H ∼ electron mass to M H ∼ TeV.
The uncertainty in the Higgs mass, and all the induced uncertainties and varieties that went along with that, made the situation quite challenging for experiment. An interesting paper in 1975 devoted to the study of experimental implications of the Higgs boson nearly a decade after it was hypothesized stated, "We should perhaps finish with an apology and a caution. We apologize to experimentalists for having no idea what is the mass of the Higgs boson, unlike the case with charm and for not being sure of its couplings to other particles, except that they are probably all very small. For these reasons we do not want to encourage big experimental searches for the Higgs boson, but we do feel that people performing experiments vulnerable to the Higgs boson should know how it may turn up" [48] .
The Atlas and CMS experiments had to prepare themselves for any possibility of the Higgs boson mass, including the richest and most complicated mass range of 120 GeV ≃ M H ≃ 160 GeV, which enabled competing branching fractions of the decays of the Higgs bosons into many states, such as b quarks, τ leptons, W W * and ZZ * . Note, W * means that the W boson is "off-shell" and we should think of it as the final state decay products of the W (e.g., ℓν and q ′ q) rather than the W itself. The meaning of Z * is same as for W * -one should think of it only as its decay products. This intermediate Higgs boson mass range of 120 GeV ≃ M H ≃ 160 GeV required extra experimental care, since sharing its full decay branching fractions among multiple final states means that no one final state is necessarily the dominant signal of the Higgs boson. It also provides in time a variety of Higgs study opportunities, since the nature of the Higgs boson can be discerned better by having many accessible decay channels rather than just one or two. Nevertheless, the initial Higgs boson discovery was ultimately made by two channels, H → γγ and H → ZZ * → 4ℓ, where 4ℓ means "four leptons of either electron or muon variety" -two of the leptons from Z decays and the other two leptons from Z * decays.
Recognizing that Higgs decays to two leptons could be a key discovery path required theory effort and insight from those trained best to discover it. Discussed in Ellis et al. [48] a decade after the Higgs hypothesis, it was solidified as a key search channel in the 1988 study by Gunion et al. [49] , which parenthetically begins its abstract with the hedging phrase, "If fundamental scalar bosons exist...". The paper opens with an historically illuminating comment that underscores our earlier claim here of how tentative the Higgs boson was viewed by the particle physics community even decades after its hypothesis:
"Although the Higgs mechanism is technically satisfactory to introduce gauge boson and fermion masses in the standard model (SM), it is still not understood physically, even two decades after it was introduced in particle physics. Some theorists believe that no elementary scalar bosons (Higgs bosons) will exist. Others, motivated by the belief that the standard model will be made conceptually complete on the TeV scale by being part of a supersymmetric theory, expect pointlike scalars to be as much a part of the particle spectrum as fermions and gauge bosons" [49] .
The authors here imply that there are two alternatives. One is that there are no naturally light fundamental scalars in nature, or there is supersymmetry which secures their existence through its fermion-boson symmetry. They sided with the latter and proceeded to study how it can be found, including through h → γγ decays. One should note that these theorists were working out the phenomenology of a speculative idea, which in some addled quarters is considered an illegitimate or un-scientific exercise. Nevertheless, their work on the γγ signal was influential -a signal that ultimately was required for the discovery to be made a quarter century later in 2012.
In addition to theory work to determine what possible signals there might be to discovery the Higgs boson, there also was a requirement for detailed and rigorous calculations of the cross-sections and signal rates for these processes, and also the cross-sections for all background processes that mimicked the Higgs boson signal.
For example, let us consider one of the most important discovery signals of the Higgs boson, which was Higgs boson production via gluon fusion followed by decay of the Higgs boson to two photons, pp → gg → H → γγ. The calculations that go into a full analysis of this process are difficult and the required techniques run broad and deep. The probability of finding two gluons at the right center of mass energy to make the Higgs boson required a community of theorists determining "parton density functions", which were provided by several competing groups that had to relate hundreds of experimental results at colliders to their corresponding carefully computed theoretical values. This is notoriously subtle and it becomes a prodigious theoretical endeavor just to understand the errors that should be assigned to the density functions (see, e.g., [50] ).
In addition to the parton density functions, one needs also to compute the signal crosssections. Computing σ(gg → H) is a one-loop process and rather straightforward, but computations at next order or next-to-next to leading order, etc., rapidly become career framing endeavors (see, e.g., [51] ). Also, the background must be computed to very high accuracy. In our example case of pp → gg → H → γγ, the background comes mainly from a quark in one proton colliding with an anti-quark in another proton that then annihilate into two photons:→ γγ. The Higgs boson signal is then a "bump" of two photons with invariant mass 2 equal to that of the Higgs boson, on top of a background of two photon events with invariant mass distribution continuously falling as a function of energy. This continually falling background is required to be calculated at high-order in perturbation theory, requiring years of development and application of state-of-the-art techniques in quantum field theory (see, e.g., [52] ).
And finally, none of it is possible without taking these calculations and putting them into a computational framework that enables rapid and reliable calculations of parton density functions, signal processes and background processes. There are a myriad of computer code packages that are developed by theoretical physicists that were required for the experimental analysis of data streaming into the experimental detectors Atlas and CMS. These range from precision calculations of Higgs boson decays [53] to energy distributions of background processes (e.g., [54] ).
The theory work that goes into these different areas required a large community of theory scholars, each trained and working within their specialties. Only a small sample of the extensive nature of these studies has been provided in these section. In the next section additional evidence will be presented of the broad theory effort needed for the discovery of the Higgs boson. That evidence will come directly from the the two discovery papers written by Atlas [2] and CMS [3] .
Theory and the Higgs boson discovery
In the previous section a discussion was presented on the development of the Higgs boson theory and phenomenology after the hypothesis of Higgs. What can be seen is that theoretical physics played a significant role in the discovery of the Higgs boson at many different levels and at many different times leading up to the discovery announcement of July 4, 2012. In this section a brief analysis is made of the theoretical physics published papers that were cited by the Atlas or CMS discovery papers [2, 3] . A complete list of these papers is given in the Appendix. Let us call these paper "Higgs Discovery Theory References" (HDTRs). There are 115 of them altogether. In this section, these HDTR papers will be referred to by the last name of first author and its year, which can then be found in the appendix list of HDTRs. For example, the main hypothesis paper is Higgs (1964b) .
By being included in the references of the experimental Higgs discovery paper, the HDTRs form a core set of papers that are widely recognized in the experimental community for directly influencing the efforts that lead to the Higgs boson discovery. Of course, there were many other articles and books that were deeply influential, which could have been acknowledged by the experimental groups. For example, the references of theory papers contained within all the HDTRs number in the thousands and were also crucial to the theory developments that led to the Higgs boson discovery.
The HDTRs can be subdivided into seven categories which are listed below. These categories represent distinctive areas of expertise in theoretical physics. The number of papers belonging to each category is given in parentheses at the end of each category description.
C1. Original hypothesis/speculation papers (7) C2. SM foundations and the Higgs boson (7) C3. Identifying Higgs boson signals (12) C4. Higgs boson signal analysis (44) C5. Background analysis (11) C6. Collider physics theory (13) C7. Computational tools (21) It must be kept in mind that each of these categories requires a community of scholars especially trained with the knowledge required to succeed in each. Some physicists are trained and have talent more for identifying theoretical and mathematical hypotheses (category C1), others for model building and theory fundamentals (category C2), others for translating subtle theory to experimental possibilities (C3), others for carrying out complex computations (C4 and C5), others for collider field theory (C6) and still others for computational integration of theoretical knowledge (C7). Some articles may straddle two or more categories, but each is put into only one category which is judged to be its most appropriate among the seven choices. The C category assigned to each paper is listed at the end of each of the HDTRs in the appendix.
The publication dates of the HDTRs are also interesting data to note. Here is a listing of number of articles in each stated time period: 1940-1949: 1 1950-1959: 1 1960-1969: 10 1970-1979: 8 1980-1989: 5 1990-1999: 13 2000-2004: 20 2005-2009: 30 2010-2012: 27 The 14 C1 and C2 papers were in the 1960s and 1970s only, and they are the ones that dominate those early years. Important HDTR articles in the C2 category where those by , and , which established the Standard Model of particle physics. The Weinberg article in particular is what put all the elements together and recognized the Higgs boson hypothesis as a final ingredient to give a self-consistent complete description of low-scale theory of elementary particle physics.
One further sees that a large fraction of HDTR papers were published within a few short years of the actual discovery, despite the hypothesis being nearly half a century old. The reason for this is that they represent the latest in the long theoretical battle to calculate at increasingly better accuracy the signal and background processes required for discovery of the Higgs boson. There were many papers devoted to this in previous decades but they were continually supplanted (i.e., built upon) by more refined papers as the years went by and the Higgs boson had not shown up in one collider after another.
Let us take for example Ferrera et al. (2011) , which was released within a year of the Higgs boson discovery. This paper concerns itself with "associated W H production at hadron colliders" and presents a "fully exclusive QCD calculation at NNLO." The authors acknowledge that NNLO (next-to-next-to leading) QCD corrections are quite small, which may imply to some that they are not necessary to compute, especially given the tremendous effort required to come to reliable results. Nevertheless, as the authors point out, these corrections are important to know for the high-stakes and subtle Higgs boson search: "The effect of NNLO QCD radiative corrections on the inclusive cross section is relatively modest. However, it is important to study how QCD corrections impact the accepted cross section and the relevant kinematical distributions. This is particularly true when severe selection cuts are applied, as it typically happens in Higgs boson searches" (Ferrara et al. 2011 ).
The calculations involve "a substantial amount of conceptual and technical complications" (Ferrara et al. 2011 ). This publication then cites numerous prior publications that did lowerorder calculations, to which they can compare, and numerous publications that built upon the conceptual and technical knowledge over time on which they added, going back to 1991.
Two interesting points to note especially about the HDTR papers are, first, they are highly specialized and no small group of individuals could have ever developed all of them on their own, most especially the theorists who originated the hypothesis in the 1960s, and, second, every one of these articles was critical for the success of discovering the Higgs boson. The HDTR articles represent an extensive coverage of activities of theoretical particle physics, and yet they also are only the most proximate articles directly used by experimentalists in their search. The theory activity that enabled the subsequent production of the HDTRs is much greater, and, as we go back in time, one sees a vast succession of theoretical insights, work, and verification.
Conclusions
The Higgs boson discovery by the Atlas and CMS experiments in 2012 was an extraordinary achievement of particle physics. The achievement is equally impressive from the experimental and theoretical sides. On the experimental side, there is a long history of accelerator achievements and detector achievements that made the LHC accelerator and the Atlas and CMS detectors possible. Likewise, the experimental analysis methods and tools had to reach unprecedented sophistication in order to see the Higgs boson and have confidence in its discovery.
Equally impressive to the experimental efforts were the theory efforts. Theory progress did not start and end with the hypothesis of Higgs (and Brout and Englert and others) in the 1960s. They came about due to the extensive activity beforehand by theorists understanding phase transitions, in particular superconductivity, and by other theorists working out how vector bosons could have mass while retaining the gauge symmetries that they are associated with. Furthermore, the hypothesis would have been a dormant curiosity without the vast theoretical work that came after it. It is astounding, and hard to understand by non-experts, that the hypothesized existence of a single particle coupled in a rather straightforward way to other particles, requires the work of thousands of theoretical physicists over decades to determine how it fits into the larger particle physics scheme of the Standard Model, to determine its various useful signatures in colliders, to determine how it might be mimicked by backgrounds, to develop computational tools, and to make calculations precise enough that a definitive discovery is made possible and realized.
The Higgs boson discovery took nearly fifty years to accomplish after its initial hypothesis. The time it takes to confirm an hypothesis of this kind is unconnected to the lifetime of humans, except indirectly due to the intense desire of those who saw the birth of the idea to confirm it, thus planning projects within their careers. The time to discovery was ultimately dictated by the time it took to secure the financial resources and technical know-how, both experimentally and theoretically. This is the nature of all speculative hypotheses in science. There can be no dissuasive argument against an hypothesis based on how old the hypothesis is. The only effective arguments against speculative ideas are those that point to witnessed phenomena, or lack of phenomena, that are necessarily and unambiguously in direct contradiction to the idea. Otherwise, the speculative idea remains provisionally valid. The Higgs boson hypothesis remained provisionally valid for half a century, even though many researchers lost faith in it, and abandoned it altogether. In the end, the Higgs boson was there, and its valid status became secured.
Finally, the discovery of the Higgs boson is a triumph for theoretical physics, and a score for rationalism in its ongoing friendly with empiricism. Adding some prior experimental knowl-edge of nature to intensive pure thought created the Higgs boson hypothesis -an impressive immoderate speculation that was ultimately confirmed. One heard from many over the years leading up to the turn-on of the LHC collider that the "most exciting" prospect of the LHC would be that the Higgs boson is not there and that something we have never thought of before shows up. For example, Wolfenstein & Silva said, "It will be even more exciting if the Higgs boson is not found, since that will mean there is still some fundamental new physics to be discovered" [55] . Similarly, Stephen Hawking said, "But it [discovery of Higgs boson] is a pity in a way because the great advances in physics have come from experiments that gave results we didn't expect" [56] . These stated views have at their core a diminished view that theoretical physics reaches its height of usefulness and interest when it is merely an activity that reacts to and explains experimental surprises. However, theoretical physics is much more than that. As in the case of the Higgs boson we have discussed here, theoretical speculation and the theory ecosystem in which it is embedded make revolutionary discoveries possible to begin with, and that is where its extraordinary power resides.
